The in vitro activity of parthenolide against Leishmania amazonensis was investigated. Parthenolide is a sesquiterpene lactone purified from the hydroalcoholic extract of aerial parts of Tanacetum parthenium. This isolated compound was identified through spectral analyses by UV, infrared, 1 H and 13 C nuclear magnetic resonance imaging, DEPT (distortionless enhancement by polarization transfer), COSY (correlated spectroscopy), HMQC (heteronuclear multiple-quantum coherence), and electron spray ionization-mass spectrometry. Parthenolide showed significant activity against the promastigote form of L. amazonensis, with 50% inhibition of cell growth at a concentration of 0.37 g/ml. For the intracellular amastigote form, parthenolide reduced by 50% the survival index of parasites in macrophages when it was used at 0.81 g/ml. The purified compound showed no cytotoxic effects against J774G8 macrophages in culture and did not cause lysis in sheep blood when it was used at higher concentrations that inhibited promastigote forms. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis with gelatin as the substrate showed that the enzymatic activity of the enzyme cysteine protease increased following treatment of the promastigotes with the isolated compound. This finding was correlated with marked morphological changes induced by parthenolide, such as the appearance of structures similar to large lysosomes and intense exocytic activity in the region of the flagellar pocket, as seen by electron microscopy. These results provide new perspectives on the development of novel drugs with leishmanicidal activities obtained from natural products.
The in vitro activity of parthenolide against Leishmania amazonensis was investigated. Parthenolide is a sesquiterpene lactone purified from the hydroalcoholic extract of aerial parts of Tanacetum parthenium. This isolated compound was identified through spectral analyses by UV, infrared, 1 H and 13 C nuclear magnetic resonance imaging, DEPT (distortionless enhancement by polarization transfer), COSY (correlated spectroscopy), HMQC (heteronuclear multiple-quantum coherence), and electron spray ionization-mass spectrometry. Parthenolide showed significant activity against the promastigote form of L. amazonensis, with 50% inhibition of cell growth at a concentration of 0.37 g/ml. For the intracellular amastigote form, parthenolide reduced by 50% the survival index of parasites in macrophages when it was used at 0.81 g/ml. The purified compound showed no cytotoxic effects against J774G8 macrophages in culture and did not cause lysis in sheep blood when it was used at higher concentrations that inhibited promastigote forms. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis with gelatin as the substrate showed that the enzymatic activity of the enzyme cysteine protease increased following treatment of the promastigotes with the isolated compound. This finding was correlated with marked morphological changes induced by parthenolide, such as the appearance of structures similar to large lysosomes and intense exocytic activity in the region of the flagellar pocket, as seen by electron microscopy. These results provide new perspectives on the development of novel drugs with leishmanicidal activities obtained from natural products.
Leishmaniasis is a group of infectious diseases caused by organisms of the genus Leishmania and is a significant cause of morbidity and mortality in several countries. At present, leishmaniasis threatens 350 million people worldwide, and an estimated 1.5 million to 2 million new cases occur annually (47) . The basic treatment for the disease consists of the administration of pentavalent antimonials that were developed more than 50 years ago; however, serious toxic effects and the emergence of resistance are limiting the drugs' usefulness (7, 9, 10) . Amphotericin B and pentamidine, the traditional alternatives to antimonials used for the treatment of unresponsive cases, cause serious toxic effects (10, 24, 38) . Furthermore, antifungal agents such as imidazole and triazole derivatives inhibit ergosterol biosynthesis and are effective against only some species of Leishmania (5, 6, 7, 22, 44) .
The lack of an effective antileishmanial drug has caused a renewed interest in the study of medicinal plants as sources of new chemotherapeutic compounds with better activities and fewer side effects. Many people who live in areas where leishmaniasis is endemic rely on traditional medical systems for treatment. In most cases, the therapy consists of oral administration of plant extracts for the systemic forms of the disease and of topical preparations for the cutaneous forms of infection (25) .
Members of the family Asteraceae (also referred to as the family Compositae), which display several kinds of biological activities, have been used for medicinal purposes for many centuries. Plants of the genus Tanacetum are reputed to have excellent medicinal value. The large number of sesquiterpenoids and sesquiterpene lactones that are typical constituents of these plants might be partly or wholly responsible for these effects (1) .
The species Tanacetum parthenium, popularly known as feverfew, has been used in folk medicine for the treatment of migraines, tinnitus, giddiness, arthritis, fever, menstrual disorders, difficulty during labor, stomachaches, toothaches, and insect bites (32) . Several studies have also reported that feverfew is effective as an herbal remedy for arthritis, pain, and migraine (23, 26, 31, 40, 46) .
In the present study we undertook an examination of the potential antileishmanial activity of T. parthenium. A compound obtained from this species was identified and purified by bioassay-guided chemical fractionation. Its antiproliferative effects on Leishmania amazonensis and the ultrastructural changes that it produced in L. amazonensis were evaluated.
MATERIALS AND METHODS
Extraction and purification of the compound. Parthenolide was isolated and purified as described previously (19, 21, 39) , with slight modifications. The aerial parts of T. parthenium were kindly furnished by the Herbarium Laboratório Botānico Ltda (lot 166871; Colombo, Paraná, Brazil). Extraction was done after exhaustive maceration in ethanol-water (90:10) at room temperature in the dark. The extract was filtered, evaporated under vacuum, and lyophilized; and the residue (the hydroalcoholic extract) was directly assayed for its activity against L. amazonensis. Subsequently, the hydroalcoholic extract was chromatographed on a silica gel column with hexane, dichloromethane, ethyl acetate, methanol, and methanol-water (90:10). Each fraction was tested by antiprotozoal activityguided fractionation. Next, the dichloromethane fraction was chromatographed on a silica gel column with different mixtures of solvents. The hexane-dichloromethane fraction resulted in isolation of a pure compound.
Structure elucidation. The structure of the isolated compound was identified by chromatography-mass spectrometry (Micromass Quattro LC); nuclear magnetic resonance (NMR; Gemini 2000 BB; Varian), 1 H NMR (300 MHz), and 13 C NMR (75.5 MHz) analyses in CDCl 3 ; infrared analysis (Bomem-MV 100; Hartmann & Braun-Michelson); and UV analysis (CARY 1E UV-Vis; Varian). A structure corresponding to a sesquiterpene lactone, 4␣,5␤-epoxy-germacra-1-(10),11(13)-dien-12,6␣-olide (parthenolide), was identified (Fig. 1) .
Parasites. The MHOM/BR/75/Josefa strain of L. amazonensis, originally isolated from a human case of diffuse cutaneous leishmaniasis by C. A. Cuba-Cuba (University of Brasília, Brasília, Distrito Federal, Brazil) was used in the present study. It was maintained at 28°C in Warren's medium (brain heart infusion plus hemin and folic acid) supplemented with 10% heat-inactivated fetal bovine serum in a tissue flask.
Cells. J774G8 murine macrophages were maintained in tissue flasks in RPMI 1640 medium (Gibco Invitrogen Corporation, Grand Island, N.Y.) with sodium bicarbonate and L-glutamine and supplemented with 10% fetal bovine serum at 37°C in a 5% CO 2 -air mixture.
Antileishmanial activity. Promastigote forms of L. amazonensis (10 6 parasites) were grown in a 24-well plate in Warren's medium supplemented with 10% inactivated fetal bovine serum and different concentrations of the hydroalcoholic extract; hexane, dichloromethane, ethyl acetate, methanol, or methanol-water (90:10) fractions; or pure isolated compound. The cell density for each treatment was determined daily in a hemocytometer (Improved Double Neubauer) with an optical microscope. In all tests, 0.5% dimethyl sulfoxide (DMSO; Sigma Chemical Co., St. Louis, Mo.), a concentration that was used to dissolve the highest dose of the compounds but that had no effect on cell proliferation, and medium alone were used as controls. Each experiment was performed twice on different occasions.
Antiamastigote activity. In order to evaluate the effect of the isolated compound on intracellular amastigotes, 5 ϫ 10 5 J774G8 macrophages were plated onto 13-mm coverslips in 24-well plates for 1 h at 37°C in a 5% CO 2 atmosphere. Nonadherent cells were removed, and the macrophages were further incubated overnight in RPMI 1640 medium supplemented with 10% fetal bovine serum, as described above. Adherent cells were infected with L. amazonensis promastigotes (logarithmic growth phase) at a parasite/macrophage ratio of 10:1 and incubated for 1 h at 37°C in 5% CO 2 . Next, free promastigotes were removed by extensive washing with 0.01 M phosphate-buffered saline (pH 7.2). The infected macrophages were treated with the isolated compound at the concentrations indicated below. The cells were incubated; and after 24, 48, and 72 h, the coverslips were washed with 0.01 M phosphate-buffered saline and then fixed in Bouin's solution and stained with Giemsa. The macrophages were also treated with 0.5% DMSO only. At least 200 cells per experiment were inspected by bright-field microscopy. The survival index was calculated by multiplying the percentage of macrophages with internalized parasites and the mean number of internalized parasites per macrophage. These tests were performed in duplicate on separate occasions.
Cytotoxicity assay. The cytotoxicity assay was carried out in 24-well plates. A suspension of 5 ϫ 10 5 J774G8 cells was added to each well. The plates were incubated in a 5% CO 2 -air mixture at 37°C to promote confluent growth of the cells. Different concentrations of purified compound were added to each well containing the cells, and the plates were incubated for 48 h. Next, the cells were homogenized, equal volumes of cell suspension and 0.4% erythrosin B were mixed, and at least 200 cells were counted and evaluated by light microscopy.
A second experiment for evaluation of the cytotoxic effect was the red blood cell lysis assay. Briefly, a 4% suspension of freshly defibrinized sheep blood was prepared in sterile 5% glucose solution. Different concentrations of isolated compound were added to each test tube. The red blood cell suspension was then added, the contents were gently mixed, and the tubes were incubated at 37°C. The minimum lytic concentration is defined as the lowest concentration of a test compound that produces complete or partial lysis of erythrocytes. Amphotericin B was used as the reference drug. These tests were performed in duplicate on separate occasions.
Transmission electron microscopy. After treatment with the isolated compound, the promastigotes of L. amazonensis were washed in 0.01 M phosphatebuffered saline and fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer at 4°C. The cells were postfixed in a solution containing 1% osmium tetroxide and 0.8% potassium ferrocyanide in 0.1 M cacodylate buffer, washed in the same buffer, dehydrated in acetone, and embedded in Epon. Thin sections were stained with uranyl acetate and lead citrate and examined in a Zeiss 900 transmission electron microscope.
Cysteine protease activity. Control and treated promastigote forms of L. amazonensis lysates were obtained, and cysteine protease activity was characterized by electrophoresis on a sodium dodecyl sulfate (SDS)-15% polyacrylamide gel containing 0.2% gelatin under nonreducing conditions. A protein molecular weight marker (7B; Sigma Chemical Co.) was used. The gels were washed twice for 30 min each time in 0.5 M sodium citrate (pH 5.6) containing 1% Triton X-100, 20 mM 2-mercaptoethanol in the presence or absence of 6 M E-64 [transepoxysoccinil-L-leucylamido-(4-guanidino)butane; Sigma Chemical Co.] and then incubated for 20 h at 37°C in the same buffer containing 150 mM 2-mercaptoethanol in the presence or absence of 10 M E-64. The gels were stained with Coomassie brilliant blue R as described previously (14) . Inhibition of promastigote growth. The hydroalcoholic crude extract obtained from aerial parts of T. parthenium was used in order to assay antileishmanial activity. The addition of 100 g of crude extract per ml to a culture of L. amazonensis promastigote forms induced a rapid lytic effect, i.e., growth arrest and cell lysis after 24 h. The extract inhibited promastigote growth, with a 50% inhibitory concentration (IC 50 ) of 29 g/ml after 48 h of incubation. Partitioning of the crude extract of T. parthenium with organic solvents yielded five fractions, hexane, dichloromethane, ethyl acetate, methanol, and methanol-water (90:10), the effects of which were tested against the parasite. Of these fractions, the dichloromethane fraction showed the best antileishmanial effect, and cell lysis was observed after 24 h of treatment with a 50-g/ml concentration of this fraction. The IC 50 of this fraction was 3.6 g/ml after 48 h of incubation. Antipromastigote activity-guided fractionation led to the purification of parthenolide, which induced partial lysis of the promastigotes 24 h after addition at 5 g/ml. At a concentration of 1 g/ml, it caused approximately 90% growth inhibition. Parthenolide had an IC 50 of 0.37 g/ml (Fig. 2) .
RESULTS
Antiamastigote activity. Parthenolide treatment of macrophages infected with amastigote forms showed that the compound influenced the growth of the parasites. After 72 h the percentage of macrophages with internalized parasites was higher for the control than for the macrophages infected and treated with the isolated compound. The mean number of internalized parasites per macrophage treated with parthenolide was markedly lower than that for the control. At 5 g/ml, parthenolide reduced the internalization of parasites by mac- Thus, parthenolide showed good activity against amastigote forms, with 50% inhibition of cell survival at a concentration of 0.81 g/ml (Fig. 3) . Cytotoxicity assay. J774G8 murine macrophages were treated with the pure isolated compound to test the safety of this substance for mammalian cells. After 48 h the viability was checked by the erythrosin B dye exclusion test. When macrophages were treated with parthenolide, the 50% cytotoxic concentration (CC 50 ) was 14 g/ml. The toxicity for J774G8 macrophages and the activity against the protozoans were compared by using the selectivity index (SI) ratio (CC 50 for J774G8 cells/IC 50 for protozoans). A value greater than 1 is considered more selective for activity against parasites, and a value less than 1 is considered more selective for activity against cells. The parthenolide was more selective against the parasites than the mammalian cells, with an SI ratio of 37.8.
In the experiment used to evaluate cytotoxicity for red blood cells, amphotericin B showed strong hemolytic activity, with 50% lysis within 60 min of incubation when it was used at 25 g/ml. Treatment of the positive control with Triton X-114 showed a strong hemolytic effect, with 100% lysis after 60 min, whereas 0.5% DMSO did not cause lysis. The highest concentrations of parthenolide tested (100 g/ml) caused no hemolysis.
Transmission electron microscopy. In order to determine the ultrastructural changes to L. amazonensis promastigotes induced by parthenolide, the parasites were treated with 1 g of purified compound per ml and were processed for routine electron microscopy. Control cells incubated in the presence of 0.05% DMSO, the same concentration used in the final solutions of the test compound, showed no morphological differences compared to the morphologies of the untreated controls (Fig. 4A) . Parasites incubated in the presence of parthenolide showed significant morphological alterations. Among these alterations was the appearance of intense exocytic activity in the region of the flagellar pocket, which appeared in the form of protrusions of the cell body toward the flagellar pocket and concentric membranes within the pocket (Fig. 4B and C) . Structures similar to large lysosomes were also observed in the cytoplasm (Fig. 4D) .
Effects of parthenolide on cysteine protease activities of promastigote forms. Both the control and the parthenolidetreated promastigotes showed the same protein profile by SDS-polyacrylamide gel electrophoresis (PAGE) (data not shown). To verify the presence of cysteine protease activity, cell homogenates were resolved on polyacrylamide gels containing gelatin under nonreducing conditions. After incubation under conditions suitable for protease activity, staining of the gels with Coomassie blue revealed high levels of enzymatic activity at ϳ27 and 45 kDa, and this activity was inhibited by E-64, a well-known inhibitor of cysteine proteases. Protein bands at ϳ27 kDa for the control promastigotes of L. amazonensis increased in intensity during treatment of the cells with parthenolide, indicating an increase in enzyme activity due to treatment with this compound (Fig. 5 ).
DISCUSSION
Diseases caused by protozoans are responsible for considerable morbidity and mortality throughout the world, but predominantly in the tropics and subtropics. Present treatment regimens for these diseases have severe limitations, and new drugs are urgently required. In this regard, natural products have made and are continuing to make important contributions to this area of therapeutics.
Here we report for the first time a novel pharmacological activity in the extract of T. parthenium, which displayed activity against L. amazonensis in vitro. The hydroalcoholic extract of this plant inhibited promastigote growth with an IC 50 of 29 g/ml, leading us to carry out a bioassay-guided fractionation of the antileishmanial activity. The dichloromethane fraction showed a greater inhibitory effect than the hydroalcoholic extract, with the IC 50 of the dichloromethane fraction being 3.6 g/ml.
An active antileishmanial sesquiterpene lactone was purified by bioactivity-guided fractionation of the aerial parts of T. parthenium, which was identified by chemical analysis as parthenolide. Parthenolide has previously been isolated and characterized from different species of Ambrosia (19, 48) , Magnolia (13, 18, 39) , and other species of the genus Tanacetum (3, 21) . In the study reported here, this compound had an IC 50 of 0.37 g/ml and inhibited parasite growth in macrophages. Sesquiterpene lactones are terpenoid compounds characteristic of the family Asteraceae. A range of biological effects has been ascribed to these compounds, such as cytotoxic, antitumorigenic, antibacterial, antifungal, antiprotozoal, insecticidal, antiulcer, cardiotonic, and antimigraine activities (33, 36) .
In preceding studies, Fischer et al. (17) showed that parthenolide has activity against Mycobacterium tuberculosis and M. avium, with MICs of 16 and 64 g/ml, respectively. Parthenolide also inhibited two tumor cell lines in a concentrationdependent manner, and the effect may have been either cytotoxic or cytostatic (37) . Several studies have demonstrated the anti-inflammatory activity of parthenolide (26, 27, 29) . It has been demonstrated that parthenolide causes dose-dependent (40) and binds directly to and inhibits IB kinase ␤, the kinase subunit known to play a critical role in cytokine-mediated signaling (29) , providing a possible molecular basis for the anti-inflammatory properties. This compound inhibits interleukin-12 production in lipopolysaccharide-stimulated macrophages (27) and could inhibit the expression of intercellular adhesion molecule-1 induced by the cytokines interleukin-1, tumor necrosis factor alpha, and, less strongly, gamma interferon (34) . The modulation of molecular expression of these events may be an additional mechanism by which feverfew mediates anti-inflammatory effects.
Recently, plant compounds with widely different chemical structures that show antileishmanial activities have been isolated: ancistrolikokine D from Ancistrocladus likoko (8) , coronaridine from Peschiera australis (11), 3-heptadecyl-5-metoxyphenol from Oxalis erythrorhiza (15) , canthin-6-one and 5-methoxy-canthin-6-one from Zanthoxylum chiloperone (16) , maesabalide from Maesa balansae (20) , ␥-pirones from Podolepsis hieracioides (28) , and 2Ј,6Ј-dihydroxy-4Ј-methoxychalcone from Piper aduncum (41) . This demonstrates that medicinal plants hold promise as sources of chemical leads for the development of novel therapeutic agents in the fight against leishmaniasis.
Selectivity assays showed that the action of the isolated compound is specific for the protozoans and is not toxic for J774G8 macrophages. Parthenolide showed no hemolytic effect at a concentration of 100 g/ml (a concentration 270 times greater than the IC 50 for promastigotes). Cytotoxicity tests with natural products are important, given the strong interest in alternative therapies and the therapeutic use of medicinal plants. There are several reasons for the interest in developing drugs of plant origin; the main one is that conventional medical treatments can be inefficient or can result in side effects and ineffective therapy. Given that a large percentage of the world's population has no access to conventional pharmacological treatments, the widespread use of folk medicine and ecological awareness suggest that natural products are harmless (35) . However, even though these products have been on June 28, 2017 by guest http://aac.asm.org/ traditionally used, this is no guarantee of their safety (12) , and their efficacy and safety require investigation. We observed that cysteine protease activity increased in promastigotes treated with 1 g of parthenolide per ml. It seems that there exists a correlation between the presence of megasomes and higher levels of protease activity in Leishmania (42) . It was also reported that the membrane-bounded structures found in promastigotes of L. amazonensis may represent megasome precursors (43) . Recent studies have shown that metacyclic promastigotes of L. chagasi have a multivesicular tubule-lysosome structure (2) which contains resident cysteine proteases and which is the site of protein degradation (45) . On the other hand, it is known that lysosomal hydrolases are synthesized in the endoplasmic reticulum, and unprocessed proteases accumulate in the Golgi apparatus or the flagellar pocket. Transport of proteins to the lysosomes may occur via two routes: the direct intracellular pathway from the Golgi apparatus to the lysosomes, and the indirect pathway, in which proteins are first transported to the flagellar pocket before they are transported to the lysosome (30) . Therefore, we suggest that the intense exocytic activity observed in the region of the flagellar pocket in promastigotes treated with parthenolide may indicate a process of exacerbated protein production by cells as they attempt to survive.
Plants have further potential as sources of therapeutic agents in the search for new and selective agents for the treatment of important tropical diseases caused by protozoans. In recent years, natural products of different biosynthetic origins and of several structural groups have been isolated and have been shown to display activities against different strains of Leishmania (4, 8, 11, 15, 20, 28, 41) . In conclusion, the results of the present study show that natural products represent an unparalleled source of molecular diversity in drug discovery and the development of novel antiprotozoal agents. The compound isolated from T. parthenium, which displays leishmanicidal activity in vitro, may be a potential candidate drug for the treatment of this disease. 
